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The presence of nucleosomes containing hyperacetylated histone H4 and H3 on the early, late, and promoter regions of the SV40 genome
in chromosomes isolated 30 min, 8 h, and 48 h post-infection was determined by chromatin immunoprecipitation (ChIP) analysis with PCR
amplification of fragmented SV40 chromatin using two complementary strategies. In chromosomes isolated at 30 min post-infection
hyperacetylated H4 was found intermittently in all the three regions with no preference for one region over the other. In contrast,
hyperacetylated H3 was organized primarily within the promoter region and occasionally elsewhere. At 8 h post-infection, nucleosomes with
both hyperacetylated H4 and H3 were found regularly associated with all three regions of the SV40 genome. Finally, in SV40, chromosomes
isolated 48 h post-infection hyperacetylated H4 and H3 were found frequently associated with all regions of the chromosome although
hyperacetylated H4 was preferentially associated with the late region. The changing patterns of organization of hyperacetylated histones in
SV40 chromosomes during the course of a lytic infection presumably reflects the different biological functions of the SV40 chromatin at each
of the time points.
D 2005 Elsevier Inc. All rights reserved.
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For many years, it has been known that histone hyper-
acetylation is associated with chromatin which is biologically
active. Hyperacetylated histone H4 and histone H3 have been
observed in the chromatin of regulatory and coding regions of
transcribing genes (Pazin and Kadonaga, 1997; Turner, 1991;
Turner and O’Neill, 1995; Wade et al., 1997; Wolffe and
Pruss, 1996), while hyperacetylated H4 has been seen in
regions of chromatin undergoing active replication (Jasen-
chakova et al., 2000). Histone hyperacetylation is thought to
function either to increase the accessibility of the DNA
associated with the histones to factors required for tran-
scription and replication or to imprint the chromatin for
subsequent biological activity according to the so-called
histone code (Aalfs and Kingston, 2000; Ehrenhofer-0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: bmilavetz@MEDICINE.NODAK.EDU (B. Milavetz).Murray, 2004; Jenuwein and Allis, 2001; John and Work-
man, 1998; Krebs et al., 1999; Kuo and Allis, 1998;
Marmorstein, 2001; Rothe et al., 2001; Studitsky et al.,
2004; Turner, 2000; Turner et al., 1992; Wallrath, 1998).
Like cellular biologically active chromatin, the intra-
cellular chromatin present late in infection and chromatin
found in virions from the papovaviruses polyoma and SV40
have also been found to be hyperacetylated (Chestier and
Yaniv, 1979; Coca-Prados et al., 1980; LaBella and Vesco,
1980; LaBella et al., 1979; Schaffhausen and Benjamin,
1976; Vesco and Fantuzzi, 1982). In order to determine the
fate of the hyperacetylated histones in chromatin present in
virions during a subsequent round of infection, we have
recently analyzed newly uncoated intact SV40 chromosomes
at various times early in infection using chromatin immuno-
precipitation (ChIP) analyses with antibodies to hyperacety-
lated histone H4 and H3 followed by PCR amplification. We
have shown that during the first few hours of infection by
SV40, there are at least two distinct isoforms of SV4005) 111–123
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and H3 present in infected cells (Milavetz, 2004). We
identified one isoform of SV40 chromosome which was
hyperacetylated only on histone H4 and a second isoform of
chromosome which was hyperacetylated on both histone H4
and H3.We also observed that during the first 3 h of infection,
the fraction of SV40 chromosomes specifically hyperacety-
lated on histone H4 underwent significant deacetylation
while the fraction containing hyperacetylated histone H4 and
H3 did not.
The presence of isoforms of intact SV40 chromosomes
containing different hyperacetylated histones suggested that
the chromosomes might differ with respect to other aspects
of hyperacetylation. One potential aspect which might differ
would be the specific organization of the nucleosomes
containing each of the hyperacetylated histones on the
genome. For example, if the hyperacetylated H4 or H3 were
primarily associated with SV40 chromosomes undergoing
transcriptional activation or active transcription, one might
expect to find the hyperacetylated histones in nucleosomes
located in the promoter or coding region of the transcribed
gene, respectively.
In order to test this hypothesis, we have isolated SV40
chromosomes at 30 min post-infection, 8 h post-infection,
and 48 h post-infection, times when we would expect to see
activation of early transcription, early transcription, and late
transcription and replication, respectively (Tooze, 1981) and
analyzed chromatin from these SV40 chromosomes for the
location of nucleosomes containing hyperacetylated histone
H4 and H3 using two complementary strategies.
In the first strategy, isolated SV40 chromosomes were
fragmented by sonication and the fragments of chromatin
purified. The purified fragments of chromatin were then
subjected to chromatin immunoprecipitation with anti-
bodies to hyperacetylated H4 or H3, and the DNA
present in the immunoprecipitates amplified by PCR
using primer sets to the promoter, early region and late
region of the SV40 genome. In complementary strategy,
SV40 chromosomes were first immunoprecipitated with
antibodies to hyperacetylated H4 or H3 and the immune
selected chromatin which was bound to agarose subjected
to chromatin fragmentation by sonication or micrococcal
nuclease digestion. The DNA present in the chromatin
which remained bound to the agarose and the solubilized
chromatin resulting from the fragmentation were then
amplified by PCR with sets of primers to the promoter,
early region, and late region.Results
Strategies used for locating hyperacetylated histones on the
SV40 genome
Because intact SV40 chromosomes were used in our
previous study of histone hyperacetylation (Milavetz, 2004),it was not possible to determine whether hyperacetylated
histones were specifically associated with defined regions of
the SV40 genome in the immunoprecipitated SV40 chromo-
somes. However, our identification of two distinct isoforms
of SV40 chromosomes which underwent differential deace-
tylation suggested that the organization of hyperacetylated
histones on the SV40 genome in the two isoforms of
chromosomes might also be different. Moreover, during the
course of an SV40 infection, SV40 chromosomes are
generated whose primary function is limited to either early
transcription, replication, or late transcription and each of
these SV40 chromosomes might also possess a specific
organization of hyperacetylated histones on their genomes.
Two complementary strategies were used for determin-
ing the location of hyperacetylated histones on SV40
chromosomes obtained during the course of an infection.
In the first strategy which we refer to as bchromatin
fragment immunoprecipitationQ (CFIP) in subsequent sec-
tions (Fig. 1, right side), SV40 chromosomes were isolated
from BSC-1 cells infected with wild-type strain 776 at 30
min, 8 h, and 48 h post-infection and partially purified by
glycerol gradient sedimentation as previously described
(Friez et al., 1999; Hermansen et al., 1996). For these
studies, SV40 chromatin was not formalin fixed prior to
subsequent manipulation. The purified SV40 chromosomes
were then sonicated to fragment the SV40 chromosomes. In
preliminary studies we determined that sonication for 6 min
was sufficient to extensively fragment either 776 SV40
DNA or cellular chromatin (data not shown) and used this
time for the preparation of fragments of SV40 chromatin.
However, in order to ensure that no intact SV40 chromo-
somes were present in the preparations being used for
subsequent ChIP analysis, the sonicated chromatin was
further purified on the basis of its size and density by a
second round of glycerol gradient sedimentation. In initial
studies in which we compared the sedimentation profile
through a glycerol gradient of sonicated SV40 chromo-
somes to unsonicated SV40 chromosomes, we observed
that significant amounts of SV40 chromatin was found in
the top three fractions of gradients containing sonicated
chromosomes but not from the same fractions prepared
with unsonicated chromosomes (data not shown). Based
upon this observation, the chromatin fragments found in the
top two and three fractions of gradient were then subjected
to ChIP analyses with antibodies to hyperacetylated histone
H4 and histone H3 as previously described (Milavetz,
2004). If a fragment of chromatin contained a particular
hyperacetylated histone, it would be expected to be bound
by an antibody to that hyperacetylated histone. By PCR
amplification of the DNA present in the bound chromatin
using primer sets which recognize different regions of the
SV40 genome, the region of the genome present in the
bound chromatin can be easily identified. With this strategy
as long as a fragment of chromatin contains hyperacety-
lated histones and has a density which places the fragment
into the top fractions of the gradient used to purify the
Fig. 1. Strategy to identify location of modified histones.
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fragment can be identified.
Regions of the SV40 genome which were analyzed by
PCR amplification included the early region (nt 4540–4949),
the late region (nt 1566–1878), and the promoter region (nt
5168–420). The early and late regions wee chosen for
analysis because at 8 h and 48 h post-infection, respectively,
these regions undergo significant transcription (Tooze, 1981)
and like other actively transcribed genes would be expected
to have associated hyperacetylated histones. The promoter
region was analyzed separately because it also was likely to
contain hyperacetylated histones as a consequence of binding
of transcriptional factors to the region.
In the second strategy which we refer to as bimmune-
selection and fragmentationQ (ISF) in subsequent sections
(Fig. 1, left side), SV40 chromosomes were prepared as
above and then subjected to a ChIP procedure in which
antibody to a particular form of hyperacetylated histone was
used to immune-select SV40 chromosomes containing that
histone and bind the chromosomes to agarose. The immune-
selected SV40 chromosomes were then subjected to chro-
matin fragmentation by sonication. Following sonication, the
chromatin fragments which remained bound to the agarose
were separated from the chromatin fragments which were
solubilized by the sonication. The regions of the SV40genome present in the bound and solubilized chromatin
fractions were then determined by PCR amplification of the
DNA present in each type of chromatin using primer sets
recognizing the early region, late region, and promoter region
as above. Like the first strategy described above the
chromatin fragments which remained bound to the agarose
represented the regions of SV40 chromosomes which
originally contained hyperacetylated histones. Correspond-
ingly, the regions of the SV40 genome present in the
solubilized chromatin fragments corresponded to the regions
of the bound SV40 chromosomes which did not contain
hyperacetylated histones. By comparing the amounts of PCR
amplification products generated with primers to a particular
region of the genome from the bound and solubilized
fractions, one can determine whether that particular region
of chromatin was likely to contain hyperacetylated histones.
If all of the SV40 chromosomes were to contain hyper-
acetylated histones in a particular region, one would expect
that the region would only be found in the bound fraction.
Conversely, if a particular region never contained hyper-
acetylated histones, chromatin fragments would only be
found in the solubilized fraction. If a region was equally
likely to contain or not contain hyperacetylated histones, the
region would then be found in both the bound and solubilized
fractions.
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chromosomes isolated 30 min post-infection significant
amounts of fragmented chromatin was released from
agarose following sonication and that the amount of
released chromatin increased with the time of sonication.
In addition, we showed that sonication did not cause the loss
of antibody from the agarose and that the DNA in the
released and bound chromatin was very sensitive to Bal31
digestion under conditions in which intact SV40 circular
DNA was not sensitive indicating that the DNA in the
chromatin was fragmented (data not shown).
While both strategies were designed to identify the
regions of the SV40 genome in which hyperacetylated
histones were located, the strategies differed in an
important way. The first strategy used as its starting
material chromatin fragments which had been purified by
glycerol gradient sedimentation and because of this
purification consisted principally of low density mono-
or di-nucleosomes. If a nucleosome contained hyper-
acetylated histones and other proteins which caused the
nucleosome to have a high density, it would not have
been present in the starting material and would have been
missed in the assay. However, the advantage of this
strategy was that was is clear that chromatin is well
fragmented. The second strategy used as its starting
material intact SV40 chromosomes so that any nucleo-
somes which contained auxiliary proteins which might
increase the density of the nucleosome would be
available for recognition by the antibody. In addition,
the second strategy also yielded information with respect
to the question of the frequency with which a particular
site was associated with hyperacetylated histones in all
the SV40 chromosomes which contained hyperacetylated
histones. Taken together, the results obtained from the
two strategies should serve to clarify the organization of
hyperacetylated histones on the SV40 genome.
CFIP analysis of sonicated chromatin obtained from SV40
chromosomes isolated at 30 min, 8 h, and 48 h
post-infection
In the first analysis using strategy 1 outlined above, we
determined whether histones containing either hyperacety-
lated H4 or H3 were associated with chromatin fragments
derived from the early, late or promoter region of the SV40
genome in SV40 chromosomes obtained 30 min, 8 h, or
48 h post-infection. Fragments of SV40 chromatin were
obtained by sonication and glycerol gradient purification
from isolated SV40 chromosomes as described above and
immunoprecipitated with antibody to hyperacetylated
histone H4 or histone H3. The DNA present in the bound
fraction was purified and amplified by PCR with primer
sets to either the early coding region, the late coding
region, or the promoter region. Typical examples of the
PCR amplification products obtained from the immuno-
precipitated chromatin are shown in Fig. 2.When antibody to hyperacetylated histone H4 was used
in the analysis, we obtained PCR amplification products
from the early, late, and promoter regions of the SV40
genome from SV40 chromosomes isolated at 30 min, 8 h,
and 48 h post-infection indicating that hyperacetylated
histone H4 was originally present in at least some of the
nucleosomes from these regions in SV40 chromosomes.
When antibody to hyperacetylated histone H3 was used in
the analysis, PCR amplification products were obtained
from all of the immunoprecipitates analyzed except for the
amplification with primers to the early region in chromatin
fragments obtained from SV40 chromosomes isolated 8 h
post-infection (Fig. 2). The absence of an amplification
product from PCR amplification with primers to the early
region indicated that hyperacetylated H3 was not present in
the glycerol gradient purified mono- or di-nucleosomes
from the early region in SV40 chromosomes isolated 8 h
post-infection. However, hyperacetylated H3 was found
associated with the early region in chromatin fragments
from sonicated chromosomes before glycerol gradient
purification indicating that hyperacetylated H3 was present
in the early region but presumably not as low density
chromatin. Hyperacetylated H3 was associated with the late
region and promoter in these chromosomes and all three
regions in SV40 chromosomes isolated 30 min and 48 h
post-infection. The absence of a PCR amplification product
from the early region of the SV40 genome in chromosomes
isolated at 8 h post-infection using this strategy was
consistently observed in all the isolates of SV40 chromo-
somes analyzed to date. In addition to the absence of an
amplification product from glycerol gradient purified
chromatin at this time, we also observed some apparent
significant differences in the amount of amplification
products obtained from the different regions. For example,
we observed consistently less product obtained from the
promoter with antibody to hyperacetylated H4 in SV40
chromosomes isolated 30 min post-infection.
While the analysis described above was useful in
determining whether a region of the SV40 genome
contained hyperacetylated histones recognized by a partic-
ular antibody, the analysis was not designed to be
quantitative. Because the analysis was not quantitative, it
was not possible to determine whether a hyperacetylated
histone found in more than one region of the genome was
associated with all of the regions uniformly or was
preferentially associated with one of the regions. In order
to determine whether any of the hyperacetylated histones
were preferentially associated with one of the regions in
SV40 chromosomes isolated at either 30 min, 8 h, or 48 h
post-infection, the DNA present in the immunoprecipitates
prepared from chromatin at these times was analyzed by
duplex PCR with primer combinations to either the early
and late regions or the late and promoter regions. If one
region is more likely to contain a particular form of
hyperacetylated histone than another region, relatively
more of the chromatin fragments from that region should
Fig. 2. Simplex PCR for CFIP. CFIP analysis of sonicated SV40 chromatin isolated at 30 min, 8 h, 48 h postinfection by simplex PCR. Unfixed SV40
chromosomes were isolated from cells infected with 776 wild-type virus for 30 min, 8 h, and 48 h. Purified SV40 chromosomes were subjected to
fragmentation by sonication and the fragments of SV40 chromatin were purified by glycerol gradient sedimentation. Fraction two and three from the sonicated
purified chromosomes were immunoprecipitated with antibody to tetra- and triacetylated histone H4 or diacetylated histone H3. The samples were amplified by
simplex PCR using primer sets to the early, late, and promoter regions.
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primers to the region in question relative to the other
region. By comparing the ratio of the PCR amplification
products generated with the two sets of primers from the
input chromatin fragments to the immunoprecipitated
fragments, one can easily determine if there is preferential
association of the hyperacetylated histone and the SV40
genome. Comparing the ratio of amplification products
from the input chromatin to the immunoprecipitated
chromatin, one would expect a change in ratio if there is
preferential association and no change in ratio between the
two types of chromatin if the hyperacetylated histones are
present equally throughout the genome. Of course, if there
is a change in ratio, the amplification product which is
increased in the ratio would be derived from the region of
the genome which is preferentially associated with the
hyperacetylated histone.Fig. 3. Duplex PCR for CFIP. CFIP analysis of sonicated SV40 chromatin iso
chromosomes were isolated from cells infected with 776 wild-type virus for
fragmentation by sonication and the fragments of SV40 chromatin were purified by
purified chromosomes were immunoprecipitated with antibody to tetra- and triacety
duplex PCR using primer sets to the early and late or late and promoter regions. E a
respectively. P and L indicate the positions of the promoter and late PCR amplifTypical examples of duplex PCR amplifications with
primer sets to the early and late regions of the SV40
genome are shown in Figs. 3A–C. Using chromatin
fragments obtained from SV40 chromosomes isolated 30
min post-infection, we observed no significant difference
in the ratio of amplification products from the input
chromatin fragments and the chromatin fragments present
in immunoprecipitates with antibody to hyperacetylated H4
or H3 [compare Fig. 3A lane 1 to lane 2 (H4) and lane 3
to lane 4 (H3)]. The ratios were determined by densi-
tometry of the photograph of the PCR amplification
products generated in each duplex reaction. For example,
the ratio of products for the control (Fig. 3A, lane 1) was
62% to 38% and the ratio for the chromatin fragments
immunoprecipitated by antibody to hyperacetylated H4
(Fig. 3A, lane 2) was 55% to 45%. We considered a
change of greater than 10% to be significant. The similarlated at 30 min, 8 h, 48 h postinfection by duplex PCR. Unfixed SV40
30 min, 8 h, and 48 h. Purified SV40 chromosomes were subjected to
glycerol gradient sedimentation. Fraction two and three from the sonicated
lated histone H4 or diacetylated histone H3. The samples were amplified by
nd L indicate the positions of the early and late PCR amplification products,
ications products, respectively.
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and H3 are present in nucleosomes uniformly associated
with the early and late regions of the genome in the pool
of SV40 chromosomes present at this time.
When chromatin fragments from SV40 chromosomes
isolated at 8 h post-infection were analyzed similarly, there
was also no significant change in the ratio of amplification
products from input chromatin to immunoprecipitated
chromatin with antibody to hyperacetylated H4 (Fig. 3B,
lanes 1 to 2) indicating that the nucleosomes containing
hyperacetylated H4 were also found on both the early and
late regions of the SV40 chromosomes at this time.
However, as expected, there was no evidence of amplifica-
tion product from the early region in the duplex amplifica-
tions in the chromatin fragments immunoprecipitated with
antibody to hyperacetylated H3 (Fig. 3B, lane 3 and lane 4).
Since both early and late amplification products were
present in the input chromatin but only the late product
obtained from the immunoprecipitated chromatin using the
same preparation of amplification reagents, the absence of a
product from the early region must result from an absence of
chromatin from this region in the immunoprecipitated
fraction and not either a failure of amplification or a
problem with sample isolation. This result confirms the
observation made using simplex PCR above (Fig. 2) and
demonstrates that nucleosomes containing hyperacetylated
histone H3 are not associated with the portion of the early
region which is amplified by the primer set used in the PCR.
Chromatin fragments from SV40 chromosomes isolated
48 h post-infection were also analyzed using this procedure.
As shown in Fig. 3C, comparing the input chromatin
fragments (lane 1) to the immunoprecipitated fragments
(lane 2), there was a definite shift in the ratio of PCR
amplification products from the early and late region of the
genome. In the input chromatin, the PCR product from the
early region predominates, while in the immunoprecipitated
chromatin, the PCR product from the late region predom-
inates. This result indicates that while hyperacetylated H4
may be found in nucleosomes on either the early or the late
region of the genome, hyperacetylated H4 is preferentially
associated with the late region. In contrast, no difference
between the ratio of amplification products was observed
between the input chromatin fragments and immunopreci-
pitated fragments when antibody to hyperacetylated H3 was
used (Fig. 3C, lanes 3 and 4, respectively) indicating that
nucleosomes containing hyperacetylated H3 in SV40
chromosomes isolated at 48 h post-infection were equally
likely to be found on either the early or late region of the
genome.
Chromatin fragments from SV40 chromosomes were
also analyzed using duplex PCR with primer sets to the late
region and the promoter in order to determine whether the
promoter was preferentially associated with hyperacetylated
H4 or H3 (Fig. 3, lanes 5–8) compared to the coding regions
of the genome during the three time points in the infection.
When chromatin fragments prepared from SV40 chromo-somes 30 min, 8 h, and 48 h were immunoprecipitated with
antibody to hyperacetylated H4 we observed a small shift
toward the promoter in SV40 chromosomes isolated 30 min
post-infection, no change in chromosomes isolated 8 h post-
infection, and a shift to the late region in chromosomes
isolated 48 h post-infection (Fig. 3, compare lane 5 with
lane 6).
In contrast, when we analyzed chromatin fragments from
SV40 chromosomes isolated at each of the three times with
antibody to hyperacetylated H3, we observed a shift in the
ratio in the immunoprecipitated fragments to favor the
promoter region, indicating the hyperacetylated H3 is
preferentially associated with nucleosomes located in the
promoter region in these SV40 chromosomes. (Fig. 3,
compare lane 7 with lane 8).
Analysis of chromatin fragments generated from
immune-selected SV40 chromosomes isolated
30 min, 8 h, and 48 h post–infection
In the analyses described above using our first strategy,
we demonstrated that purified mono- and di-nucleosomes
containing hyperacetylated H4 and H3 could be found
associated with both the early, late, and promoter regions of
the SV40 genome with distinct preferences for one or more
regions at the three times analyzed. In order to confirm and
extend these results, we also analyzed SV40 chromosomes
using the second strategy which we described above,
immune selection and fractionation (ISF).
Typical examples of the results which were obtained
using immune-selection of SV40 chromosomes followed by
sonication are shown in Fig. 4. Regardless of the time post-
infection when the SV40 chromosomes were obtained or
which antibody was used, we observed chromatin fragments
from all three regions of the SV40 genome bound to the
agarose by antibody (Figs. 4A–C, lanes 1, 3, 5) and present
in the supernatant following extensive sonication (Figs. 4A–
C, lanes 2, 4, 6). However, there were clearly distinct
patterns of association between the hyperacetylated histones
and the regions of the SV40 genome depending upon the
time when the chromosomes were isolated and the antibody
used.
When SV40 chromosomes were isolated 30 min post-
infection, immune-selected with antibody to hyperacetylated
H4, and sonicated, we observed approximately 50% of the
chromatin fragments from the early, late, and promoter
regions to remain bound to agarose and approximately 50%
of the chromatin fragments generated to be solubilized. In
marked contrast, when the same chromosomes were
immune-selected with antibody to hyperacetylated H3 and
sonicated, we observed most (70%–80%) but not all of the
chromatin fragments from the early and late regions to be
solubilized and the majority of fragments (66%) from the
promoter to remain bound to agarose (Fig. 4A).
The two very distinct patterns of organization of hyper-
acetylated H4 and H3 on the SV40 genome are consistent
Fig. 4. Simplex PCR. Analysis of SV40 chromatin generated from immune-selected SV40 chromosomes isolated at 30 min, 8 h, 48 h postinfection (ISF-
Simplex PCR). Unfixed SV40 chromosomes were isolated from cells infected with 776 wild-type virus for 30 min, 8 h, and 48 h. Purified SV40 chromosomes
were immunoprecipitated with antibody to tetra- and triacetylated histone H4 or diacetylated histone H3. The immune selected SV40 chromosomes were then
subjected to chromatin fragmentation by sonication. Following sonication, the chromatin fragments that remained bound to the agarose were separated from the
chromatin fragments which were solubilized by sonication. The regions of the SV40 genome present in the bound and solubilized fractions were determined by
simplex PCR amplification with primer sets to the early, late, and promoter regions.
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forms of SV40 chromosomes present containing hyper-
acetylated histones at 30 min post-infection (Milavetz,
2004). The major form of chromosome, which contains
hyperacetylated H4, appears to be organized with the
hyperacetylated H4 potentially located with approximately
50% likelihood anywhere within the genome. In contrast,
the minor form of chromosome, which contains hyper-
acetylated H3, appears to be organized with the hyper-
acetylated H3 preferentially associated with the promoter
region in this analysis.
When SV40 chromosomes isolated at 8 h post-infection
were analyzed using the immune-selection strategy, we
observed a very similar pattern for the organization of
hyperacetylated H4 and H3 (Fig. 4B). Following sonication,
approximately 70% of the generated chromatin fragments
containing either hyperacetylated histone appeared to
remain bound to agarose with approximately 30% of the
chromatin fragments solubilized regardless of where the
fragments were originally located on the SV40 genome.
This result suggests that there is a single form of SV40
chromosome present at this time which contains hyper-
acetylated histones and that the hyperacetylated histones are
very likely to be present together throughout the genome.
Immune-selected SV40 chromosomes isolated at 48 h
post-infection again showed distinctive patterns for the
organization of hyperacetylated H4 and H3 (Fig. 4C). Whileonly about 50% of the chromatin fragments from the early
and promoter region of SV40 chromosomes immune-
selected with antibody to hyperacetylated H4 remained
bound to agarose after sonication, over 70% from the late
region remained bound. In contrast, approximately 40% of
the chromatin fragments from the early region and
approximately 60% from the late and promoter regions
generated from SV40 chromosomes immune-selected with
antibody to hyperacetylated H3 remained bound to agarose
after sonication. The distinct patterns of organization
suggested that there may be more than one form of SV40
chromosome present at this time in the infection which
carries hyperacetylated histones. In addition, it seemed clear
that there was significant preferential association of hyper-
acetylated H4 and the late region in the SV40 chromosomes
which carried hyperacetylated H4.
Comparison of the results obtained with the two strategies
In comparing the results obtained with the two strategies,
we noted a number of similarities as well as some differences.
For example, using antibody to hyperacetylated H4, we
obtained evidence with both strategies indicating that the
hyperacetylated H4 could be found at the early, late, and
promoter regions at all three times in the infection which were
tested (compare Fig. 2 with Fig. 4). Using antibody to
hyperacetylated H3, both strategies indicated that the hyper-
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region in SV40 chromosomes isolated 30 min and 48 h post-
infection and at the late and promoter regions in SV40
chromosomes isolated 8 h post-infection. However, we did
not observe any hyperacetylated H3 on the early region in
SV40 chromosomes isolated 8 h post-infection when we
analyzed chromatin fragments (Fig. 2B), but did observe
hyperacetylated H3 when the SV40 chromosomes were first
immune-selected with antibody (Fig. 4B).
Similarities and differences were also noted in our
determination of the preferential association of hyperacety-
lated histones with either the early, late, or promoter regions
in SV40 chromosomes isolated at the various times in the
infection. We observed very good agreement between the
two strategies when analyzing the early and late regions
with both antibodies. Using chromatin fragment immuno-
precipitation, we observed no apparent preference for the
early or late region except with SV40 chromosomes
obtained 48 h post-infection which were immunoprecipi-
tated with antibody to hyperacetylated H4 (Figs. 3A–C,
lanes 1–4). Of course, we could not identify any preference
with chromosomes obtained 8 h post-infection and immu-
noprecipitated with antibody to H3 since only the late region
was observed in these analyses. A similar result was
obtained with immune-selected chromosomes followed by
sonication (Fig. 4). The patterns of agarose bound and
supernatant chromatin mirrored the results previously
obtained except for the chromatin immune-selected with
antibody to hyperacetylated H3 where we observed bound
chromatin fragments from the early region (Fig. 4B).Discussion
SV40 chromosomes isolated at various times during a
lytic infection were analyzed for the location of nucleo-
somes containing hyperacetylated H4 and H3 using two
complementary strategies. In the first strategy, chromatin
fragment immunoprecipitation (CFIP), chromatin fragments
were generated from SV40 chromosomes by sonication,
purified by glycerol gradient sedimentation, and subjected
to a ChIP analysis with antibodies to hyperacetylated H4
and H3. This strategy was essentially the same as the
strategy which has been extensively used for analyzing
cellular chromatin by ChIP analysis (Alberts et al., 1998;
Kuo et al., 1998; Luo et al., 1998) with only slight
modification. In the second strategy, immune-selection and
fragmentation (ISF), SV40 chromosomes were bound to
agarose with antibody to a particular epitope and then
subjected to chromatin fragmentation by sonication. This
strategy has not previously been described.
Using simplex PCR amplification with primer sets to
either the early, late, or promoter region of the SV40
genome to identify the regions of the genome associated
with chromatin bound by antibody to hyperacetylated H4 or
H3, we observed identical results with both strategies withone exception. Hyperacetylated H3 was not found associ-
ated with the early region of the genome in SV40
chromosomes isolated at 8 h post-infection using CFIP
but was found associated with the early region using ISF.
Using duplex PCR amplification with primer sets to two of
the regions, we also determined whether a particular
hyperacetylated histone was preferentially associated with
one or more regions of the SV40 genome. The results
obtained with both strategies were similar but not identical.
For example, with CFIP, we observed no preference for the
early or late region of the genome except for hyper-
acetylated H4 which was preferentially found on the late
region at 48 h post-infection. With ISF, we also observed
this preference for the late region but instead of seeing no
preference with hyperacetylated H3, we also observed a
small preference for the late region. Similar slight differ-
ences were also observed in comparing the two strategies
with duplex amplification of the promoter and late region.
Since both strategies yielded either identical or very
similar results with only one exception, we believe that both
strategies can be used to study the organization of hyper-
acetylated histones in chromatin. Since each strategy has
certain advantages and disadvantages for studying chroma-
tin organization, it seem reasonable that by combining the
results from both strategies we will obtain a more accurate
picture of the actual organization of hyperacetylated H4 and
H3 on the SV40 genome.
The CFIP strategy has one major advantage. Because
CFIP uses as its input chromatin low-density size-fractio-
nated mono- and di-nucleosomes, the regions of the SV40
genome identified by this strategy must be a direct result of
the DNA sequence actually present in an immune-precip-
itates and not the result of being a portion of a much longer
fragment of chromatin. However, it should be noted that the
low-density mono- and di-nucleosomes most likely consist of
only core histones and DNA without any associated protein
complexes like which might be expected to have a higher
density. This absence of high density chromatin in the input
may account for the absence of any chromatin from the early
region in CFIP assays with antibody to hyperacetylated H3 in
SV40 chromosomes isolated 8 h post-infection. This absence
of a product from the early region was particularly surprising
since the early region at this time would be expected to be
undergoing transcription (Tooze, 1981). However, the early
region was observed to contain hyperacetylated H3 using the
ISF strategy which would be expected to identify any region
of the SV40 genome regardless of its protein complement and
was present in unpurified chromatin fragments.
In addition to being able to identify genomic sequences
which may contain other proteins besides the core histones,
the ISF strategy has a second major advantage. Unlike
other strategies, with an ISF analysis, one can determine
not only which regions of the genome are bound by an
antibody to a target protein in chromatin but also whether
the same regions are bound in all the immune-selected
chromosomes. By comparing the bound and solubilized
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is relatively easy to determine whether a protein targeted by
an antibody is specifically located in the immune-selected
chromatin. A disadvantage of this technique is that it is
difficult to know the overall extent of chromatin fragmen-
tation following sonication. While we used conditions
which yielded mono- and di-nucleosome sized fragments
in unbound chromatin, it was not easy to determine if the
same size fragments were generated from the bound
chromosomes. However, it was clear from the results that
sonication must have occurred efficiently, since we
observed clear reproducible differences with respect to the
proportion of a region of the SV40 genome which remained
bound to agarose and which was solubilized following
sonication of immune-selected chromosomes isolated at a
particular time in the infection.
At 30 min post-infection, the SV40 chromosomes
present in cells must be derived from the chromatin
originally present in virions. This chromatin has been
shown to be hyperacetylated on both H4 and H3 relative to
cellular chromatin and SV40 chromosomes present late in
infection (LaBella and Vesco, 1980; LaBella et al., 1979;
Schaffhausen and Benjamin, 1976). Consistent with these
observations, we have previously demonstrated that there
were two distinct isoforms of SV40 chromosomes present at
30 min post-infection which contained hyperacetylated
histones (Milavetz, 2004). The first isoform was shown to
contain only hyperacetylated H4, while the second con-
tained both hyperacetylated H4 and H3 (Milavetz, 2004).
We have now shown that the former isoform consisted of
hyperacetylated H4 randomly organized on its chromo-
somes. This organization is schematically shown in Fig. 5A.
The observation that only about 50% of the SV40
chromatin from any specific region remained bound to
agarose after sonication in the ISF procedure suggested that
the same site is not occupied by hyperacetylated H4 in all
the chromosomes which contain hyperacetylated H4 but
instead could be found anywhere in the genome with equal
likelihood. This isoform of SV40 chromosome probably
results from histone modifications required to compact the
chromosome during encapsidation as previously suggested
(Vesco and Fantuzzi, 1982).Fig. 5. Proposed organization of hyperacetylated histones on the SV40 genome. Pro
Proposed organization for hyperacetylated histone H4 at 30 min post-infection an
organization for hyperacetylated histone H3 at 30 min post-infection. (C) Proposed
infection.In marked contrast to this pattern of organization, we
observed that hyperacetylated H3 was localized primarily
within the promoter region with only minor amounts
associated with the early and late regions (Fig. 5B). We
infer that the pattern of organization of hyperacetylated H3
is reflective of the overall pattern of histone hyper-
acetylation in the second isoform of SV40 chromosome
which was previously identified (Milavetz, 2004). The
preferential organization of hyperacetylated histone H3
within the promoter region of a gene is characteristic of a
gene which has been activated for transcription but is not
yet being transcribed (Chua et al., 2001; Letting et al.,
2003; Myers et al., 2001). Most likely, this isoform of
SV40 chromosome is undergoing chromatin remodeling in
order to begin early transcription which would be expected
to begin within a few hours of the initiation of infection
(Tooze, 1981).
By 8 h post-infection, we observed patterns of organ-
ization of hyperacetylated H4 and H3 which were very
different from those seen at 30 min post-infection (Fig. 5C).
Both hyperacetylated histones appeared to be associated
with the early, late, and promoter regions in most if not all of
the SV40 chromosomes which carried hyperacetylated
histones. However, as pointed out above, we did note the
apparent absence of a signal from the early region using
antibody to hyperacetylated H3 in the CFIP analyses but not
the ISF analyses suggesting that it may differ from the rest
of the chromatin used in this assay. The high percentage of
chromatin from the early, late, and promoter regions
remaining bound to agarose after sonication with the ISF
strategy implies that histone hyperacetylation is extensive
throughout the genome. This pattern of organization of
hyperacetylated histones is characteristic of chromatin
structure in genes undergoing active transcription (Chua et
al., 2001; Letting et al., 2003; Myers et al., 2001). Since the
only biologically functional SV40 chromosomes expected
to be present at this time are undergoing early transcription,
it seems reasonable to suggest that the pattern of hyper-
acetylated histones seen at this time represents the organ-
ization during early transcription. Since the whole SV40
chromosome contains hyperacetylated histones, it would
appear that transcription is occurring throughout theposed Organization of Hyperacetylated Histones on the SV40 Genome. (A)
d hyperacetylated histone H4 and H3 at 48 h post-infection. (B) Proposed
organization for hyperacetylated for hyperacetylated H4 and H3 at 8 h post-
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attempting to measure the size of the early transcript (Tooze,
1981) which could not exclude a transcript including the
complete SV40 genome.
At 48 h post-infection, the patterns of organization of
hyperacetylated H4 and H3 again fairly closely resembled
each other and the pattern obtained for H4 at 30 min post-
infection with one exception (Fig. 5A). That is, all regions
of the genome contained hyperacetylated H4 and H3 and
approximately 50% of this chromatin remained bound to
agarose with the ISF procedure. However, we observed
hyperacetylated H4 associated with the late region of the
genome in a larger fraction of the bound SV40 chromo-
somes than at other sites. At 48 h post-infection, the SV40
chromosomes present would be expected to be heteroge-
neous and the patterns of organization represent the pool of
SV40 chromosomes present. The major fractions of the
SV40 chromosomes present at this time should consist of
either newly replicated chromosomes or chromosomes
undergoing late transcription. However, there should also
be some chromosomes actively undergoing replication, and
a minor fraction of chromosomes undergoing early tran-
scription (Tooze, 1981). Thus, the patterns of organization
presumably represent a weighted average of the pool of
various functional forms of SV40 chromosomes present at
this time. Using radiolabeling with 3H thymidine, we have
confirmed that replicating and newly replicating SV40
chromosomes are present in the pool of SV40 chromosomes
isolated at this time and these chromosomes contain
hyperacetylated histones (data not shown).
Both replicating, newly replicated, and transcribing
SV40 chromosomes isolated at this time would be expected
to contain nucleosomes with hyperacetylated histones.
Hyperacetylated histone H4 has been shown to be asso-
ciated with replicating chromatin (Jasenchakova et al.,
2000), while hyperacetylated H4 and H3 have been shown
to be associated with transcribing chromatin (Pazin and
Kadonaga, 1997; Turner, 1991; Turner and O’Neill, 1995;
Wade et al., 1997; Wolffe and Pruss, 1996). Nucleosomes
containing hyperacetylated histones H4 and H3 would likely
be found on both the early and late side of the SV40 genome
in chromosomes transcribing the late genes based upon the
primary nuclear transcript generated from chromosomes at
this time. The primary transcript produced at 48 h post-
infection has been shown by hybridization analysis to
include both the early and late side of the SV40 genome
(Khoury et al., 1975).
Based upon these results, we believe that there is a
programmed remodeling of the organization of hyperacety-
lated H4 and H3 through the course of a lytic infection. The
different patterns of organization of hyperacetylated histones
in SV40 chromosomes isolated at 30 min, 8 h, and 48 h post-
infection as determined by the ISF strategy also suggested
that there are multiple mechanisms controlling histone
hyperacetylation and deacetylation. Most likely, this is the
result of the action of distinct histone acetyl transferases(Grunstein, 1997) or histone deacetylases (Gregoretti et al.,
2004; Thiagalingam et al., 2003) which may be induced,
activated, or degraded over the course of the infection. In
this regard, it is interesting that p300 which is an integral part
of some transcription complexes (reviewed in Grunstein,
1997) is able to recruit the class I deacetylase HDAC1 in
vivo and in vitro (Simone et al., 2004) suggesting the
possibility of a direct linkage between the action of specific
histone acetyl transferases and histone deacetylases.Materials and methods
Cells and viruses
SV40 virus and chromatin were prepared in the BSC-1
cell line of monkey kidney cells (ATCC). The 776 SV40
wild-type virus was a gift from Dr. Daniel Nathans.
Cell culture and infections
BSC-1 cells were maintained at 37 8C in minimal
essential medium containing 10% fetal calf serum,
gentamycin, glutamine, and sodium bicarbonate (GIBCO).
Subconfluent monolayers of cells were infected with the
wild-type 776 virus as previously described (Kube and
Milavetz, 1989). The virus was allowed to adsorb onto the
cells for 30 min. The virus was washed off and fresh
media was added and the plates were incubated further for
8 h and 48 h at 37 8C in an incubator. SV40 chromosomes
were harvested at 30 min, 8 h, and 48 h post-infection,
respectively.
Preparation of SV40 chromosomes
SV40 chromosomes were harvested from infected cells
and purified by glycerol gradient centrifugation as pre-
viously described (Friez et al., 1999; Hermansen et al.,
1996). Gradient fractions four and five, which contained
SV40 chromosomes, were combined for subsequent
analysis.
Chromatin Immunoprecipitations of Fragmented Chromatin
(CFIP)
200 Al of SV40 chromatin was sonicated with
continuous pulse for 6 min in a cup horn at 40%
amplitude of 115 V F 10% using a Branson Digital
Sonifier. The sonicated fragments of chromatin were
diluted with 200 Al of 10% glycerol. Fragments of
sonicated chromatin were separated from the intact
chromosomes using glycerol density gradient centrifuga-
tion as previously described (Friez et al., 1999; Hermansen
et al., 1996) with the modification of a 1-h centrifugation.
The second and third fractions containing the sonicated
chromatin were combined for further analysis. Chromatin
L. Balakrishnan, B. Milavetz / Virology 334 (2005) 111–123 121fragments were immunoprecipitated with antibody to
hyperacetylated histone H4 using the reagents and protocol
supplied by Upstate with minor modifications. 7.5 Al of
antibody to hyperacetylated histone H4 or 10 Al of
antibody to hyperacetylated histone H3 was first incubated
with 150 Al of salmon sperm DNA/protein A agarose and
750 Al of ChIP dilution buffer at 4 8C with continuous
rotation. After 4 h of incubation, the samples were
centrifuged briefly to pellet the agarose, and the super-
natant was discarded. The pellet was washed twice with
800 Al of ChIP dilution buffer. 150 Al of the pooled second
and third fractions of the purified chromatin fragments was
added to the pelleted agarose, transferred to a fresh
Eppendorf tube containing 800 Al of ChIP dilution buffer
and incubated overnight at 4 8C with continuous rotation.
The immune complexes bound to the protein A agarose
were collected by a 1-min spin at 2000 rpm in an
Eppendorf micro centrifuge and the supernatant discarded.
Each tube containing immune complexes bound to protein
A agarose was sequentially washed with low-salt, high-
salt, lithium chloride, and two washes with Tris-EDTA
(TE) buffer all supplied by Upstate according to their
protocol. Immune complexes were eluted from the protein
A agarose by a 15-min incubation in 100 Al of lysing
buffer (0.6% SDS, 2 mm EDTA, pH 8.0) at room
temperature followed by a second 15 min incubation in
100 Al of lysing buffer at 37 8C. The two solutions were
combined for subsequent PCR analysis.
Chromatin Immunoprecipitations followed by Chromatin
Fragmentation (ISF)
Unfixed SV40 chromosomes were immunoprecipitated
with antibody to hyperacetylated histone H4 and histone H3
using the reagents and protocol supplied by Upstate with
minor modifications as previously described (Milavetz,
2004). 7.5 Al of antibody to hyperacetylated histone H4 or
10 Al of antibody to hyperacetylated histone H3 was first
incubated with 150 Al of salmon sperm DNA/protein A
agarose and 750 Al of ChIP dilution buffer at 4 8C with
continuous rotation. After 4 h of incubation, the samples
were centrifuged briefly to pellet the agarose, and the
supernatant was discarded. 150 Al of chromatin was added
to the pellet along with 800 Al of the ChIP dilution buffer
and incubated overnight at 4 8C with continuous rotation.
After 24 h of incubation, the samples were centrifuged
briefly to pellet the agarose, and the supernatant was
discarded. The pellet was washed twice with 800 Al of
ChIP dilution buffer. The immune complexes bound to the
protein A agarose were collected by a 1-min spin at 2000
rpm in an Eppendorf micro centrifuge and the supernatant
discarded. Each tube containing immune complexes bound
to protein A agarose was sequentially washed with low-salt,
high-salt, lithium chloride, and two washes with Tris-EDTA
(TE) buffer all supplied by Upstate according to their
protocol. The pelleted agarose was then resuspended in 400Al of TE buffer. 200 Al of the resuspended agarose was
sonicated with continuous pulse for 6 min in a cup horn at
40% amplitude of 115 V F 10% using a Branson Digital
Sonifier followed by brief centrifugation at 3000 rpm for 10
s to separate the supernatant from the agarose. The
supernatant was stored at 20 8C for subsequent PCR
analysis. The bound fraction of the chromatin containing the
immune complexes were eluted from the protein A agarose
by a 15-min incubation in 100 ml of lysing buffer (0.6%
SDS, 2 mm EDTA, pH 8.0) at room temperature followed
by a second 15-min incubation in 100 ml of lysing buffer at
37 8C. The two solutions were combined for subsequent
PCR analysis of the bound fraction.
Preparation of DNA for PCR
Samples were prepared for PCR by phenol/chloroform
extraction followed by ethanol precipitation in the presence
of paint pellet co-precipitant (Novagen) as previously
described (Milavetz, 2004). Approximately 100 Al of
protein A agarose eluates was purified using phenol/
chloroform. The aqueous phase (125 Al) was added to a
PCR tube that contained 3 Al of pellet paint co-precipitant
and 12.5 Al of 3 M sodium acetate, pH 5.2 (Novagen). The
sample was mixed and 280 Al of 100% ethanol added.
Following 10-min incubation at room temperature, the
samples were centrifuged at 12000 rpm for 5 min and the
supernatant discarded. The samples were washed with 70%
ethanol, vortexed, incubated for 5 min, and then centrifuged
at 12000 rpm for 5 min. The supernatant was again
discarded and the samples were dried in a vacuum.
PCR amplifications
DNA was amplified from three different regions of the
SV40 genome (the early coding region, the late coding
region and the promoter) in a Perkin-Elmer Model 480
thermal cycler using Ampli Taq Gold DNA Polymerase
(Applied Biosystems) with primer sets 5VGCTCCCATTCA-
TCAGTTCCA3Vand 5VCTGACTTTGGAGGCTTCTGG3V
for the amplification of the early region, 5VCAGTGCAAGQ
TGCCAAAGATC3V and 5VGCAGTTACCCCAATAAC-
CTC3V for amplification of the late region and 5VGCAAQ
AGCTTTTTGCAAAAGCCTAGGCCT3V and VCGAACC-
TTAACGGAGGCCTGGCG3V for amplification of the
promoter region. A master mix containing all the required
constituents was prepared according to the instructions
supplied with the DNA polymerase in advance and kept at
20 8C until required. Immediately before use, the master
mix was thawed and a volume corresponding to 30 Al for each
sample to be amplified was removed to prepare a working
mix. The working mix was then prepared by adding the DNA
polymerase to the master mix in the ratio of 0.5 Al per 30 Al of
master mix. Following thoroughmixing, the 30 Al of working
mix was added to each previously prepared PCR tube
containing a sample of template DNA to be amplified. The
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present in the tubes. When suspension was complete, the
samples were overlaid with two drops of molecular biology
grade mineral oil (Sigma). All previous manipulations were
performed in a Nuaire biological safety cabinet Model
NU_425–400. The samples were centrifuged for 1 min at
14000 rpm in an Eppendorf micro centrifuge, and the PCR
amplifications were hot started by heating the tubes for 2 min
and 30 s at 95 8C. The DNAwas amplified for 45 cycles with
each cycle consisting of annealing at 54 8C for 1 min, DNA
synthesis for 1 min at 60 8C for early region, 64 8C for late
region and 70 8C for the promoter region and denaturation at
95 8C for 1 min. Duplex PCR reaction mixes were made by
adding either early or late and late and promoter reaction
mixes in a 1:1 ratio just before PCR amplifications. The DNA
was amplified for 45 cycles with each cycle consisting of
annealing at 54 8C for 1 min, DNA synthesis for 1 min at
60 8C for early and late duplex mix, 64 8C for late and
promoter duplex mix and denaturation at 95 8C for 1 min.
Analysis of PCR amplification products
Following PCR amplification of the DNA samples, the
products were separated on 2.4% submerged agarose gels
(Sigma) by electrophoresis (Friez et al., 1999; Hermansen et
al., 1996; Milavetz, 2002; Milavetz, 2004). The separated
products were visualized by staining with ethidium bromide
and electronically photographed using UVP GDS8000 Gel
Documentation System (Ultra Violet Products).Acknowledgments
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